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Dear Editor, 

TRIM proteins play important roles in a wide range 
of biological processes, including cell proliferation, dif- 
ferentiation, development, apoptosis, oncogenesis and 
innate immunity [1, 2]. The N-terminal regions of all 
TRIM proteins contain a RING finger domain followed 
by one or two B-box domains and a coiled-coil domain 
(CCD). The RING-finger domain comprises conserved 
cysteine and histidine residues that bind two zinc at- 
oms in a 'cross-brace' arrangement, and is essential for 
recruiting the ubiquitin-charged ubiquitin-conjugating 
enzymes (E2~Ub). The B-box domains, differing in both 
the number and spacing of the conserved cysteine and 
histidine residues [3], are typically composed of Bl and 
B2 domains, but some TRIM members only contain a 
B2 domain. CCD following the B-box domains has been 
proposed to mediate protein-protein interactions, particu- 
larly homomeric and heteromeric interactions by form- 
ing intertwining helices among TRIM family and other 
proteins [4, 5]. 

Unlike some ubiquitin ligases that form multi-subunit 
complexes and catalyze ubiquitination with the help of 
other subunits [6], TRIM proteins can exert their ubiqui- 
tin ligase activity as single-component ubiqutin ligases 
[7, 8]. However, the underlying mechanism remains 
unknown. To understand how the highly conserved 
CCDs contribute to TRIM-catalyzed unbiquitination, we 
determined a crystal structure of the CCD (residues 143 
to 321) of human TRIM69 at 2.15 A resolution (Figure 
1A, IB and Supplementary information, Figure SI). The 
structure reveals that TRIM69 CCD forms a homodimer 
in an anti-parallel orientation (Figure IB). Each mono- 
mer contains three a-helices (al-a3). The N-terminal 112 
residues (152 to 263) form the al helix with the length 
of about 168 A. The a2 helix containing residues 266 to 
288 folds back to form a 3-helix bundle with the two al 
helices of the dimer (Figure IB and 1C). The short a3 
helix (residues 305 to 318) is almost perpendicular to 
the long axis of the two long al helices (Figure 1C and 
Supplementary information, Figure S2A). In TRIM69, a 



conserved PRY/SPRY domain (also known as B30.2 do- 
main) follows the CCD. Structural comparison of homol- 
ogous PRY/SPRY domains in different species reveals 
that they share a highly similar fold (backbone rmsd of 
0.65-1.25 A), despite their low sequence identity (ranging 
from 15.7% to 24.7%) (Supplementary information, Fig- 
ure S2B and S2C). Interestingly, most of them contain a 
short a-helix at their N-termini (Supplementary informa- 
tion, Figure S2B), which appears equivalent to the a3 
helix in our CCD structure. Indeed, structural modeling 
shows that the configuration of a3 allows the PRY/SPRY 
domain to protrude from the rod-like coiled coil without 
steric clashing (Figure IB, 1C and Supplementary infor- 
mation, Figure S2A). 

The dimerization interface between the two monomers 
is mainly hydrophobic (Supplementary information, Fig- 
ure S3). A set of hydrophobic residues at this interface 
are highly conserved among TRIM proteins (Figure 1C 
and Supplementary information, Figure S4), suggesting 
that homo- or hetero-dimerization is a conserved mecha- 
nism among the TRIM proteins. Further supporting this 
notion, crosslinking studies showed that purified recom- 
binant TRIM proteins formed dimers as well as higher 
oligomers (Supplementary information, Figure S5). 

TRIM25 (Supplementary information, Figure S6A) 
has well-defined physiological substrates. Both TRIM25 
and TRIM69 belong to subfamily IV [1], and their ex- 
pression is up-regulated by many cytokines [9]. Previous 
studies have established that TRIM25 ubiquitinates the 
Caspase Activation and Recruitment Domains (CARDs) 
of RIG-I [7]. Recombinant full-length (FL) TRIM25 
protein was eluted with an apparent molecular weight 
of about 300 kD on a gel-filtration column (Supplemen- 
tary information, Figure S6B), which is larger than the 
predicted dimer. However, static light scattering result 
showed that dimers existed in solution (Supplementary 
information, Figure S6C). The larger apparent molecu- 
lar weight of TRIM25 in gel filtration is likely due to an 
elongated shape of the protein molecule. The 2D clas- 
sification of raw negative staining electron microscopy 
(EM) particles of the FL TRIM25 protein confirmed that 
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Figure 1 TRIM proteins form an anti-parallel dimer. (A) A schematic view of the TRIM69 domain organization. The residue numbers 
are indicated above. (B) An overall structure of the TRIM69 CCD dimer. The N- and C-termini are shown. (C) A zoom-in view of the 
region in the box in Figure 1B, showing the detailed interactions of the conserved residues among TRIM family proteins between 
the two molecules. Interacting residues of the two molecules are labeled as shown. Red dashed lines represent hydrogen bonds. (D) 
The models illustrate TRIM25 dimers with different combinations of wild-type protein and various truncations. FL, full length; ARBD, 
deletion of both RING and B-box domains; RBCC, RING/B-box/CCD; CCD, coiled-coil domain. (E) Both RBDs of the TRIM25 dimer 
are required for optimal ligase activity in vitro. Ubiquitination assays were performed using the recombinant TRIM25 dimers shown in 
Figure 1D. (F) Both RBDs of the TRIM25 dimer are required for the ligase activity in HEK293T cells. (G) The conserved Glu residues 
mimic the pTyr363 of CBL-B. The model of the TRIM25 RING domain is superimposed to the RING domain of CBL-B. The domains of 
CBL-B-UbcH5B-Ub are shown. The two conserved Glu residues of TRIM25 are shown in yellow and the pTyr363 of CBL-B is shown in 
magenta. (H) The acidic motif is required for ubiquitination activity in vitro. Both Glu9 and Glu 10 residues were mutated to Ala or Arg. 
(I) TRIM proteins that contain a conserved acidic motif before the RING domain. The subfamilies of the TRIM proteins are indicated. 
Proteins known to be involved in antiviral defenses are colored in slate. 
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TRIM25 forms anti-parallel dimers. The TRIM25 pro- 
tein forms an elongated shape, similar to TRIM69, and 
the RBDs (RING and B-box domains) that presumably 
locate at the ends have different conformations in some 
particles probably due to their flexibility (Supplementary 
information, Figure S6D). As shown in the co-immuo- 
precipitation (co-IP) assays, differently tagged TRIM25 
proteins interacted with each other, which is mediated 
by their CCDs, further supporting the idea that TRIM25 
forms dimer (Supplementary information, Figure S6E). 
Inferring from the structure of TRIM69 CCD, we pro- 
pose that TRIM25 might also dimerize through its CCD 
in vivo; each end of the dimer contains one RBD, and the 
two PRY/SPRY domains might locate at the midpoint as 
those in TRIM69 (Supplementary information, Figures 
SI andS4). 

Previous studies suggest that TRIM proteins might 
form a parallel dimer with the RING domains function- 
ing as one catalytic unit based on spatial approaching [10]. 
Our structure, however, suggests that the two RING do- 
mains in a TRIM dimer are separated by the long CCD, 
with a distance of about 1 70 A. To find out how the two 
spatially separated RING domains work together to cata- 
lyze ubiquitination, we constructed a set of TRIM25 di- 
mers with different combinations of wild-type and trun- 
cated monomers (Figure ID and Supplementary infor- 
mation, Figure S7). Consistent with the previous report 
[7], FL TRIM25 homodimer ubiquitinated the CARDs 
of RIG-I. The FL-ARBD and FL-RBCC complexes had 
impaired activity. FL-CCD dimer had very low activity. 
RBCC and ARBD proteins had no detectable activity 
(Figure IE). Furthermore, co-IP results indicate that the 
PRY/SPRY domain of TRIM25 is required for substrate 
recruitment (Supplementary information, Figure S8). 
Consistently, the FL-RBCC dimer exhibited a lower ac- 
tivity than the FL homodimer, whereas the RBCC dimer 
had no detectable activity. The in vivo ubiquitination re- 
sults were consistent with the in vitro observations (Figure 
IF). Interestingly, the SCFCdc4 ubiquitin ligase complex 
also forms a superhelical homotypic dimer through Cdc4 
proteins, and similarly each protein at both ends with a 
distance of about 160 A is required for unbiquitination 
[11]. It might be a common feature of E3 ligases that the 
two reactive centers at each end of an antiparallel dimer 
work co-operatively. 

Comparison of the ubiquitination activities of TRIM25 
dimers of various combinations has three implications. 
First, a single RBD at one end of a dimer could function 
individually. Second, the RBD at one side could ubiqui- 
tinate the substrate bound to both PRY/SPRY domains, 
but ubiquitinates the substrate bound to the proximal 
PRY/SPRY domain more efficiently. Third, each PRY/ 



SPRY domain could bind substrate individually. The 
time course assay showed that TRIM25 dimers with two 
RBDs were much more efficient in catalyzing ubiqui- 
tination as compared to the dimers with a single RBD 
(Supplementary information, Figure S9A and S9B). The 
activity of the FL homodimer was not inhibited by add- 
ing ARBD proteins indicating that this dimer did not dis- 
sociate or exchange with free monomers (Supplementary 
information, Figure S9C-S9F). Together, these results 
suggest that two RBDs in a FL-TRIM25 dimer could 
work cooperatively to ubiquitinate CARDs (2CARD), 
consistent with previous studies suggesting an alloste- 
ric mechanism of ubiquitin transfer by RING domain- 
containing ubiquitin E3 ligase proteins [12]. 

To understand how a single RBD could exert ubiqui- 
tin ligase activity, we further truncated TRIM25 RING, 
Bl, B2 or both B domains. The in vivo results showed 
that both B 1 and B2 were required for efficient substrate 
ubiquitination (Supplementary information, Figure S10). 
A recent study of CBL-B revealed that a phosphorylated 
tyrosine-containing element enhances its catalytic ef- 
ficiency by about 200-fold [13]. A structure model of 
TRIM25 RING domain was built based on the structure 
of RNF168 (PDB: 3L11), which shares 43% sequence 
identity with TRIM25. Interestingly, two highly con- 
served glutamates (Glu9 and GlulO) in TRIM25 were 
located in a site equivalent to the phospho-tyrosine in 
CBL-B (Figure 1G), raising the possibility that the two 
Glu residues might play a similar role as the phospho- 
tyrosine of CBL-B in promoting the ubiquitination activ- 
ity of TRIM25. Consistent with the structure-based pre- 
diction, in vitro and in vivo ubiquitination assays suggest 
that these acidic residues are required for the ubiquitin li- 
gase activity of TRIM25 (Figure 1H and Supplementary 
information, Figure Sll). Sequence alignment indicates 
that about 40 TRIMs have an acidic motif containing one 
or two conserved Glu residues immediately ahead of the 
RING domain (Figure II). Among them, 26 are involved 
in the innate immune responses (Figure II) and contain 
the PRY/SPRY domain [9, 14]. Whether this conserved 
acidic motif is required for catalytic activity of other 
TRIMs needs further investigation. 

In conclusion, our results show that TRIM proteins 
form anti-parallel dimers with two spatially separated 
RING domains acting cooperatively to ubiquitinate sub- 
strates. Our study also identified a conserved acidic mo- 
tif of TRIM proteins that might regulate the enzymatic 
activity. The rigidly conserved combination, pattern, and 
order of the tripartite domains among TRIM proteins 
suggest that the model described here is likely applicable 
to other TRIM members. It would be interesting to test in 
future studies whether a similar mechanism is shared by 
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other members of this fascinating family of E3 ligases, 
and to explore the differences that enable TRIM proteins 
to perform diverse functions. Of note is that during prep- 
aration of our manuscript, a similar conclusion was made 
based on the crystal structure of the anti-parallel dimer of 
TRIM25-CCD [15]. 
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